We report a study of thermal conductivity and resistivity at ultra-low temperatures and in high magnetic fields for semi-metal materials TaAs2 and NbAs2 by using single crystal samples. The thermal conductivity is strongly suppressed in magnetic fields, having good correspondence with the large positive magnetoresistance, which indicates a dominant electronic contribution to thermal conductivity. In addition, not only the resistivity but also the thermal conductivity display clear quantum oscillations behavior at subKelvin temperatures and in magnetic fields up to 14 T. The most striking phenomenon is that the thermal conductivity show a T 4 behavior at very low temperatures, while the resistivity show a T -independent behavior. This indicates a strong violation of the Weidemann-Franz law and points to a non-Feimi liquid state of these materials.
Topological materials, such as topological insulators and topological semimetals, have attracted a lot of attention for their exotic physical properties. Band inversion and metallic surface state are two features of topological insulators. While in topological semimetals, band crossing at high symmetry point forms four (two) fold degenerate Dirac (Weyl) points. The typical Dirac semimetal Na 3 Bi/Cd 3 As 2 and Weyl semimetal TmPn (where Tm = Ta or Nb, and Pn = As or P) exhibit many interesting transport phenomena, such as extremely large magnetoresistance (XMR), chiral anomaly, high mobility and nontrivial Berry phase etc. [1] [2] [3] [4] [5] [6] [7] [8] [9] The transition metal dipnictides TaAs 2 and NbAs 2 are weak topological insulators in the absence of field, but type-II Weyl fermions are suggested to exist if a magnetic field is applied [10] [11] [12] [13] [14] [15] . Both of them exhibit XMR at low temperatures and in high magnetic fields due to the compensated carriers and high mobility [10] [11] [12] [13] [14] . In addition, negative longitudinal magnetoresistance has also been observed in them [13, 14] , which may be related to the chiral anomaly. In the magnetotransport measurements, the nontrivial band structure is usually expressed with π Berry phase which can be extracted from quantum oscillation. While the magnetotransport properties of TaAs 2 and NbAs 2 have been investigated in details, the heat transport of them still remains to be studied. In this regard, the heat transport at ultra-low temperatures, which is very useful for characterizing the nature of electron system, has actually not been reported for all the known semimetal materials.
The well-known Wiedemann-Franz (WF) law is one of the fundamental properties of a Fermi liquid. It relates the thermal conductivity κ, the electrical conductivity σ and the absolute temperature T through a simple formula, κ/σT = L, where L is called the Lorentz number and is given by the Sommerfeld's value L 0 = 2.44 × 10 −8
WΩ/K
2 . It relies on the single-particle description of the transport properties and a purely elastic electron scattering. Although the WF law is usually not obeyed at T = 0 because of the importance of inelastic scattering, it must be obeyed at T = 0 in the Fermi liquid where the electrons are elastically scattered by static disorders. The examination of the WF law at T → 0 by using ultra-low-temperature charge and heat transport measurements can therefore provide a direct judgment on the nature of the electron system. In some previous studies on the semi-metal materials, the WF law was not experimentally confirmed but was usually assumed to be valid [16] . In this work, we study the charge and heat transport of TaAs 2 and NbAs 2 at very low temperatures. It was found that the electronic thermal conductivity exhibits a peculiar T 4 behavior at very low temperatures down to several tens of milli-Kelvins, while the resistivity is T -independent. This indicates a strong violation of the WF law in these semimetal materials. In addition, the thermal conductivity display clear quantum oscillation in high magnetic fields.
The TaAs 2 and NbAs 2 single crystals were grown by the chemical vapor transport method. By using the X-ray Laue photograph, the crystals were cut precisely along the crystallographic axes with typical dimensions of 1.7 × 0.5 × 0.1 mm 3 , where the longest dimension is along the b axis. Resistivity was measured by using the standard four-probe method. Thermal conductivity were measured by using a "one heater, two thermometers" technique. Note that these two measurements for each material were done on the same piece of single crystal with the same contacts for direct checking the validity of WF law. These measurements were performed in a 3 He refrigerator at 300 mK − 30 K and in a 3 He/ 4 He dilution refrigerator at 70 mK − 1 K, equipped with a 14 T superconducting magnet. The electric and heat currents were applied along the b axis while the magnetic fields were applied perpendicular to the b axis.
Since TaAs 2 and NbAs 2 exhibit almost the same experimental results of low-T resistivity and thermal conductivity, we show only the TaAs 2 results in the main text. The charge transport of this material had been carefully studied in magnetic fields up to 14 T and at low temperatures down to 2 K [10, 12] . Here, the resistivity measurements of a TaAs 2 single crystal are carried out at lower temperatures down to 300 mK. In zero magnetic field, the b-axis resistivity ρ b (T ) decreases monotonically with lowering temperature until it reaches a finite value (residual resistivity) at T < 2 K, as shown in Fig. 1(a) , which is characterized as a metallic behavior. With applying magnetic fields (⊥ b) up to 14 T, the resistivity is strongly enhanced, as shown in the inset of Fig. 1(a) . Figure 1(b) shows the field dependence of resistivity at two selected temperatures below 1 K. The ρ b (B) curves exhibit a semi-classical quadratic behavior at low fields, accompanied with a clear Shubnikov-de Hass (SdH) oscillation at high fields, as shown in the inset of Fig. 1(b) . Note that the MR displays unsaturated positive and extremely large value. These phenomena are similar to those observed at temperatures above 2 K and can be understood with the compensated hole and electron of TaAs 2 [10, 12, [17] [18] [19] .
The feature of multiple Fermi surfaces of TaAs 2 is verified by the SdH oscillation. After subtracting the highfield background of ρ b (B) by using a polynomial formula fitting, the SdH oscillation term above 4 T is obtained. Figure 2 (a) shows the oscillation amplitude ∆ρ b at 380 mK with respect to 1/B, which forms complicated patterns coming from multiple types of carriers with high mobility [10, 12] . This can be seen more clearly by the fast Fourier transform (FFT) analysis. Figure 2 (b) presents the FFT analysis on the oscillation data. There are several obvious peaks in the FFT spectra, but the fundamental oscillation frequencies are F α = 39 T and F β = 56 T, corresponding to two major Fermi pockets. The complexity of periodic behavior can be attributed to the effect of weak peaks in the FFT spectra. The smaller frequencies obtained in our experiments compared with those from literature [10] are due to the different directions of the magnetic field.
The Berry phase can be obtained from the analysis of SdH oscillations. A nontrivial π Berry phase is expected for the relativistic topological fermions [20, 21] . The simple way to extract the Berry phase is to map the Landau level (LL) index fan diagrams. The LL index n is linearly dependent on 1/B, following the Lifshitz-Onsager quantization rule [22] , and the Berry phase can be extracted from the intercept of the linear extrapolation. As shown in Figs signed to the peak positions and the valley positions of ∆ρ b , respectively. To minimize the influence of the Zeeman effect which will split Landau levels, only low field data are used to fit the LL indices [23] . The intercepts are found to be close to zero, which indicates a nontrivial Berry phase for two bands (α and β) and points to the topological characteristic of Fermi surface. Figure 3 shows the b-axis thermal conductivity κ b of TaAs 2 measured at very low temperatures down to 70 mK and in magnetic fields (⊥ b) up to 14 T. The most remarkable phenomenon is that the κ b in zero field follows a T 4 behavior at very low temperatures (< 200 mK), as shown in Fig. 3(a) . This is distinctly different from the usual T 3 and T dependence of κ for phonons and electrons, respectively, at ultra-low temperatures. With applying magnetic fields, the magnitude of κ b is The solid line indicates a T 4 temperature dependence that the κ b follows at the low-temperature limit. The dashed line indicates a T 2.5 temperature dependence that the κ b roughly follows at the low temperatures and in 14 T field. Since the magnetothermal conductivity behavior indicates the low-temperature thermal conductivity is nearly pure electronic contribution, these phenomena clearly indicate a violation of the WF law. strongly suppressed, which has good correspondence to the large positive MR effect. This clearly indicates that the main heat carriers are electrons (or holes). At the same time, the field dependence of κ b becomes weaker with increasing field. In the highest field of 14 T, the κ b follows a roughly T 2.5 behavior at very low temperatures (< 200 mK) as shown in Fig. 3(a) , which means that the heat transport of electrons (or holes) is significantly suppressed and phonon heat transport remains. at some selected temperatures. Two notable phenomena are observed. First, the κ b is strongly suppressed by nearly 2 orders of magnitude, as the κ b (T ) data also indicate. Apparently, the large negative magneto-thermal conductivity has a direct correlation to the positive large MR and the phonon thermal conductivity should be independent of magnetic field. From this result, it is further confirmed that in zero field the phonon contribution to the thermal conductivity is likely less than several percent. Therefore, the T 4 temperature dependence of κ b in zero field is a purely electron transport behavior, which is extremely strange. Second, above 4 T there is clear oscillation behavior sitting on an almost constant background, which seems to be related to the SdH oscillation of the MR data. Note that the quantum oscillation in heat transport has been observed in some other semimetals with thermal conductivity and thermoelectric measurements [24, 25] , and was usually discussed to be a result of phononic thermal conductivity under the electron-phonon coupling. However, such speculation is lacking of solid physical ground since the MR oscillation is determined by the Fermi energy crossing different Landau levels with the change of applied field. Therefore, the quantum oscillations in thermal conductivity are of purely electronic origin and the high-field constant background is a field-independent phonon transport. In the present work, by carrying out the thermal conductivity measurements with unprecedented low-temperature range for semimetal materials, we reveal the clearest quantum oscillation of electronic thermal conductivity for the first time.
The quantum oscillation of thermal conductivity can be analyzed in the similar way to that of MR. After subtracting an appropriate background with a polynomial fitting from the corresponding data, the oscillatory part of thermal conductivity is obtained. As a representative result, Fig. 4(a) presents the oscillation of thermal conductivity at 380 mK. The FFT spectrum of the quantum oscillation in the thermal conductivity data is shown in Fig. 4(b) . It is found that there are three frequencies related to the Fermi pockets, labeled as F α , F β , and F δ . Among them, F α = 39 T and F β = 56 T are well resolved and are comparable with those obtained by resistivity measurements, while the smaller frequency F δ (= 16.8 T) can not be detected unambiguously from the resistivity measurements due to the different experimental resolution of each technique. According to the Onsager relation, the frequency F is proportional to the cross sectional area A F of the Fermi surface normal to the magnetic field [22] . Therefore, the small oscillation frequency F δ may originate from the Fermi pocket much smaller than those related to F α and F β .
The nature of topological fermions participating in quantum oscillations of thermal conductivity can be revealed from further quantitative analysis. Before analyzing the LL index fan diagrams through the oscilla- tion of thermal conductivity, it should be noted that the phase of quantum oscillations of ∆κ b (B) is shifted by π/2 in relation to the SdH oscillations. To display clearly this phase shift, the experimental oscillation of ∆κ b (B) is compared with the calculated ∆κ W F (B) from the SdH oscillation by using the WF law, as shown in Fig. 4(a) . This phase shift and two-order of magnitude difference between ∆κ b (B) and ∆κ W F (B) actually again indicate that the WF law is invalid for this material although it exhibits good conducting properties at low temperatures. Therefore, the integer LL indices and half integer indices should be assigned to the valley positions and the peak positions of ∆κ b , which is opposite to the case of ∆ρ b . As shown in Figs. 4(c-h) , we use LL fan diagrams to analyze three major oscillation frequencies of thermal conductivity. To minimize the influence of the Zeeman effect, only the low field data are used to fit LL indices [23] . All the intercepts are close to zero, indicating a nontrivial Berry phase for the three different bands (α, β and δ). The nontrivial Berry phases from thermal conductivity also reflect the topological characteristic of Fermi surfaces.
To summarize the main experimental results of TaAs 2 : (i) In zero field, the low-temperature thermal conductivity is dominated by charge carriers, whose transport ability is significantly suppressed in high magnetic fields.
(ii) The low-temperature thermal conductivity displays a quantum oscillation behavior in high magnetic fields that has some correspondence to the SdH oscillations. (iii) The most important finding is a T 4 -dpendence of electron thermal conductivity in zero field and at very low temperatures. Since the resistivity is a simple T -independent behavior at very low temperatures (residual resistivity), the WF law is clearly violated in this semimetal material.
The WF law is commonly not obeyed at finite temperatures due to the inelastic scattering [19] , as observed in elemental metals (electron-phonon scattering), Weyl semimetals and in correlated metals (electron-electron scattering) [26] [27] [28] . In contrast, the strong violation of the WF law at zero-temperature limit in a metallic system points to a breakdown of the Fermi liquid. In some heavy-fermion material, a breakdown of the WF law at zero-temperature limit was found near a magnetic quantum critical point [29] , although the later study indicated very high requirements for the experimental testing of the WF law in such case [30] . It is notable that the violation of the WF law has been found in some particular case for Fermi-liquid system. In graphene, the breakdown of the WF law was reported and was attributed to hydrodynamic effect [31, 32] . This could arise from the electron-electron interaction within Fermi-liquid paradigm and might not imply any non-Fermi-liquid behavior [32] . However, the present work displays a strong violation of the WF law that cannot be explained by the hydrodynamic effect in Fermi liquid, considering the peculiar T 4 behavior of electronic thermal conductivity. The theoretical description for the violation of the WF law and the nature of these semimetals is called for.
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